Background: Nimotuzumab is a humanized anti-epidermal growth factor receptor (EGFR) antibody that has shown preclinical and clinical anticancer activity in cerebral glioblastoma multiforme (GBM). We conducted a phase II, single-arm, multicenter clinical trial to evaluate the benefit of adding nimotuzumab to current standard chemo-radiotherapy for patients with GBM with positive EGFR expression. Methods: Newly diagnosed patients with histologically proven single supratentorial GBM and epidermal growth factor receptor (EGFR) positive expressions were recruited. All patients were treated with nimotuzumab, administered once a week intravenously for 6 weeks in addition to radiotherapy with concomitant and adjuvant temozolomide after surgery. The primary endpoints were overall survival (OS) and progression-free survival (PFS). Secondary objectives included objective response rate (ORR) and toxicity. Results: A total of 39 patients were enrolled and 36 patients were evaluated for efficacy. The ORR at the end of RT was 72.2%. Median OS and PFS were 24.5 and 11.9 months. The 1-year OS and PFS rates were 83.3% and 49.3%. The 2-year OS and PFS rates were 51.1% and 29.0%. O (6)-methylquanine DNA methyl-tranferase (MGMT) expression is known to affect the efficacy of chemotherapy and status of its expression is examined. No significant correlation between treatment outcomes and MGMT status was found. Most frequent treatment-related toxicities were mild to moderate and included constipation, anorexia, fatigue, nausea, vomiting, and leucopenia. Conclusions: Our study show that nimotuzumab in addition to standard treatment is well tolerable and has increased survival in newly diagnosed GBM patients with EGFR positive expression.
Background
Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor in adults, accounting for approximately 60-70% of gliomas [1] . Due to the resistance of GBM cells to treatment and its invasive nature, GBM patients have poor outcomes, with less than 5% of patients surviving up to 5 years after diagnosis [2] . The current standard therapy for newly diagnosed GBM includes maximal safe resection followed by radiotherapy (RT) and concomitant temozolomide (TMZ) chemotherapy and up to 6 months of adjuvant TMZ (TMZ/RT→ TMZ). However, this strategy only successfully prolonged the median survival time to 14.6 months [3] . Most GBM patients still dies within 2 years, necessitating exploration of other treatment options.
The epidermal growth factor receptor (EGFR), a tyrosine kinase receptor, was discovered as a proto-oncogene [4] . The overexpression of EGFR and its ligands in several carcinomas and their association with aggressive tumor development provides a rationale for selectively targeting this signal pathway. EGFR is also one of the most promising treatment targets for patients with GBM after the demonstration of gene amplification and protein overexpression in some GBM tumors [5] [6] [7] . It has been reported that about half of those tumors overexpression is the result of a mutant form of the receptor called as EGFR variant III mutant (EGFRvIII). EGFRvIII has a kinase domain that leads to constitutive signaling pathway activation, further enhance tumorigenic activity, promote tumor progression and drug resistance [8, 9] .
Nimotuzumab is a humanized anti-EGFR antibody, which has been extensively evaluated and granted approval for use in patients with head and neck squamous carcinoma [10, 11] . Recently, several clinical trials have confirmed the clinical activity of nimotuzumab in treating adult high-grade glioma patients [12] [13] [14] [15] [16] [17] . However, the effect of adding nimotuzumab to current standard TMZ/RT→TMZ is still controversial. Thus, this study aimed to investigate the clinical benefit and safety of adding nimotuzumab to the standard treatment for patients with newly diagnosed GBM. Since O (6)-methylquanine DNA methyl-tranferase (MGMT) expression affects efficacy of TMZ treatment, we also investigate the effect of adding nimotuzumab to current standard TMZ/RT → TMZ in MGMT expression patients.
Patients and Methods

Study Design
This multicenter, single-arm, phase II trial investigated the efficacy and safety of nimotuzumab added to TMZ/RT → TMZ in patients with newly diagnosed GBM (ClinicalTrials.gov identifier NCT03388372). The study was approved by the Institutional Review Board of Sun Yat-sen University Cancer Center, and was conducted in accordance with the Good Clinical Practice guideline. The ethics approval was for all the study sites. The investigator obtained signed informed consent form from patients for approval of treatment and for personal information use in research without violating their privacy. The primary endpoints were the overall survival (OS) and progression-free survival (PFS). Secondary endpoints were objective response rate (ORR) and safety. The influence of MGMT expression status on efficacy was investigated in a prospectively planned subgroup analysis.
Patients
Main inclusion criteria were age between 18 -75 years; newly diagnosed, histologically proven single supratentorial GBM (WHO grade 4); EGFR positive; >50% of the gross tumor volume removed by surgery; Karnofsky performance score (KPS) ≥ 60; and adequate renal function (creatinine ≤1.5 × upper limit of normal [ULN] or creatinine clearance ≥ 60 mL/min), hepatic function (total bilirubin ≤1.5 × ULN and serum transaminases ≤3 × ULN), and hematologic function (white blood cell count ≥ 3,000/uL or absolute neutrophil count ≥ 1,500/uL, platelets ≥ 100,000/uL, and hemoglobin ≥ 10 g/dL). Tumor tissue was required for central pathology review and re-checking EGFR and MGMT expression status. An interval of 2 to 6 weeks between surgery and RT was required.
The exclusion criteria were negative EGFR expression, prior chemotherapy, anti-EGFR therapy, RT, or a history of malignancy in the previous 5 years. Patients with severe complications or active infection, continuous vomiting that could interfere with the oral administration of TMZ were also excluded. A negative pregnancy test and adequate contraception were mandatory.
Treatment
All patients had received surgery under the principle of maximum safe resection of tumors with at least 50% of the gross tumor volume removed. Fractionated three-dimensional conformal RT was given at 2.0 Gy per fraction with five daily fractions per week for 6 weeks. Gross tumor volume (GTV) delineation was based on the resection cavity plus any residual enhancing tumor on contrast-enhanced T1 weighted magnetic resonance imaging (MRI) and area of hyperintensity on FLAIR/T2 when suspicious for tumor rather than edema. The clinical target volume-1 (CTV1) was defined as GTV with a 2 cm margin and CTV2 was defined as GTV with a 1 cm margin. CTVs with 0.3 cm margins were defined as planning tumor volumes (PTVs). The prescription doses were 50 Gy to PTV1 and 60 Gy to PTV2. TMZ at 75 mg/m 2 daily was administered orally from the first to the last day of RT. After a 4-week break, individualized adjuvant TMZ regimen was given based on MGMT expression status. The standard 5-day schedule every 4 weeks for six cycles was given for patients with negative MGMT expression. The dose was 150mg/m 2 for the first cycle and 200 mg/m 2 starting from the second cycle. The 7-day on/7-day off schedule every 2 weeks for twelve cycles was given for patients with positive MGMT expression. The dose was 100 mg/m 2 for the first two cycles and 150 mg/m 2 starting from the third cycle.
Nimotuzumab of 200 mg was administered as an over 1-hour intravenous infusion once weekly, starting from the first week and continuing until the last week of RT for a total of 6 times.
EGFR and MGMT Status
EGFR and MGMT expression were determined by immunohistochemistry analysis, using commercially available detection kits (Ascend Biotechnology, China) and automated staining techniques (Benchmark XT, Ventana, and Autostainer Link 48, Dako). EGFR positive expression was defined as >10% of cells stained positive. Two pathologists independently interpreted the results without any clinical or other histological information.
Efficacy and Safety Assessments
MRI scan was performed both before surgery and within 24 -72 hours after surgery to identify residue ratio. MRI was also performed within 2 weeks before RT to formulate RT plan, repeated at the end of RT and every 3 months thereafter to evaluate clinical efficacy. Treatment responses were evaluated according to RANO's criteria [18] . The tumor progression was defined by the occurrence of any of the following: the sum of the products of perpendicular diameters of target enhancing lesions is increased by ≥ 20% for patients receiving stable or increasing doses of corticosteroids; a significant increase in T2/FLAIR nonenhancing lesions for patients receiving stable or increasing doses of corticosteroids; the appearance of any new lesions; clear progression of unmeasurable lesions; or definite clinical deterioration not attributable to other causes apart from the tumor. When there was tumor progression, patients were treated at the investigator's discretion, and the regimen of second-line therapy was recorded.
Safety was evaluated by adverse events (AEs), laboratory assessments, and physical examinations, including KPS, neurologic examinations, weekly blood counts, serum chemistry, urinalysis, chest x-ray, and ECG. All AEs were recorded according to Common Toxicity Criteria version 3.0, and the AEs possibly related to treatment with TMZ/RT or nimotuzumab or not otherwise attributed to other causes were reported as treatment-related AEs. AEs were reported separately for the RT period and the adjuvant-therapy period. The former was defined as from day 1 of RT to28 days after the last day of RT, or to the first day of adjuvant TMZ therapy. The latter was defined as from the first day of adjuvant TMZ therapy to the 35th days since day 1 of the last cycle of TMZ.
Statistical analysis
This study used Simon's optimal two-stage design, which was formulated to distinguish a favorable one-year OS rate of 87% from a control rate of 66% with 90% power [3, 19] , at a significance level of 0.05. In total, 35 patients need to be enrolled.
The analyses were performed on the per-protocol population, defined as patients who received at least four cycles of nimotuzumab and at least 4 weeks of concomitant TMZ. PFS was defined as time from surgery to progression or death from any cause. OS was defined as time from surgery to death from any cause. All calculations were performed using Statistical Package for the Social Sciences, version 20.0 (SPSS, Chicago, IL, USA). Survival curves were made with the Kaplan-Meier method and compared with the log-rank test. Cox proportional hazards model was applied to adjust for stratification factors and other confounding variables. Two-tailed P-values < 0.05 were considered significant.
Results
Patient characteristics
From August 2010 to July 2015, 39 patients from 6 institutions were recruited, 3 patients with confirmed protocol deviation were eliminated from the analysis (one started RT after a delay of 19.3 weeks after surgery; one received other anti-tumor therapy after RT; one has not completed RT due to personal reason). Among the 36 per-protocol patients, 20 (55.6%) had positive MGMT expression. EGFR immunohistochemistry showed strong positive staining on cell membrane of all the patients ( Figure  1 ), which was in consistent with the result reported by Yoon et al [20] . The patient characteristics are shown in Table 1 .
Treatment Delivery
All 36 patients completed the treatment with nimotuzumab plus concomitant TMZ/RT. Among them, 32 (88.9%) patients completed at least one cycle of adjuvant TMZ and 4 (11.1%) didn't enter the adjuvant-therapy period because of tumor progression. Twenty-four (66.7%) patients completed all 6 planned cycles of adjuvant TMZ. One (2.8%) patient completed 5 cycles, 2 (5.6%) patients completed 3 cycles, one (2.8%) patient completed 2 cycles and 4 (11.1%) patients completed one cycle. Reasons for early discontinuation of adjuvant TMZ (1 -5 cycles) were tumor progression (4 patients; 11.1%), AEs (2 patients; 5.6%), or other personal reasons (2 patient; 5.6%). Figure 2 ). The estimated PFS rate was 49.3% (95% CI 32.8-65.8) at first year, and 29.0% (95% CI 13.9-44.1) at 2nd year. The median PFS was 11.9 months (95% CI 5.5-18.2) (Table 2, Figure 3 ). There were similar one-year OS rates (80.0% vs. 87.5%), and two-year OS rates (53.3% vs. 47.7%), one-year PFS rates (49.1% vs. 50.0%), two-year PFS rates (27.3% vs. 31.3%) between the patients with positive or negative MGMT expression. There is no significant difference in the median OS (24.5 vs. 22.9 months, P = 0.527, Figure 1 ) and the median PFS (9.1 vs. 11.9 months, P = 0.752, Figure 2 ) between the two groups.
Univariate analysis for known clinical prognostic factors demonstrated prolonged PFS and OS in patients younger than 40 years of age (P = 0.016 and 0.018, respectively). CR at the end of RT was confirmed as a prognostic factor for better PFS (P = 0.011). Besides, both CR at the end of RT and high KPS (90-100) seemed to be favorable factors for OS with marginally significance (P = 0.075 and 0.080, respectively, Table 3 ).
Multivariate analysis for PFS and OS was performed to adjust for all the factors listed in Table 3 . Only older age (>40 years) was confirmed as an independent predictive factor for poor PFS and OS (P = 0.016 and 0.018, respectively). 
Safety
During the RT period, the combination of nimotuzumab with standard TMZ/RT was safe and well tolerated. Treatment-related AEs were usually mild to moderate, self-limiting, reversible, and within the range previously observed with TMZ/RT alone (Table 4) [3] . The most common AEs were constipation, anorexia, fatigue, nausea, vomiting and leucopenia. One patient (2.6%) who was a hepatitis B virus carrier, experienced TMZ-related grade 3 liver toxicities. Four patients (10.3%) presented with mild nimotuzumab-related skin rash. No allergic reaction was reported.
During the adjuvant-therapy period, constipation, anorexia, fatigue, nausea, vomiting and leucopenia were the most common AEs (Table 4) . Two patients (6.1%) discontinued the treatment because of grade 3 AEs. One experienced severe pneumonia during the first TMZ cycle; another experienced tympanitis related to RT and refused the TMZ treatment. 
Discussion
GBM is a deadly brain cancer that calls for more effective treatment. The current standard of care includes surgical resection, adjuvant radiotherapy and chemotherapy which have shown limited efficacy. Current standard treatment (TMZ/RT → TMZ) was proposed by Stupp R et al. in 2005 and became popularized globally thereafter. Here we show that addition of nimotuzumab successfully prolonged the median PFS by 5.0 months (11.9 months vs. 6.9 months) and median OS by 9.9 months (24.5 months vs. 14.6 months), which translated to a PFS benefit of 18.3% and an OS benefit of 24.6% in two years [3] .
Overexpression of EGFRvIII in human GBM cells, a functional and permanently activated mutation of the EGFR, enhances the capacity of unregulated growth of tumor, by stimulating cancer cells proliferation, inducing angiogenesis and conferring chemo-resistance in cell and mice [21] [22] [23] . Inhibition of EGFRvIII by a tyrosine kinase inhibitor AG1478 restores sensitivity of GBM cells to cisplatin, and suppress growth of GBM xenografts [24] . These results suggest that targeting EGFR signaling could be an effective approach for high-grade glioma therapy.
Nimotuzumab is a monoclonal antibody that selectively blocks EGFR signaling, by binding to an epitope in the extracellular domain III of EGFR that is preserved in the mutant EGFRvIII. It has been reported that the inhibition of miR-566 may sensitize glioblastoma cells to nimotuzumab [25] . Nimotuzumab alone or combined with other chemotherapeutic drugs can suppress cancer proliferation and angiogenesis as well as enhance radio-sensitivity and chemo-sensitivity in tumors that overexpress EGFR in pre-clinical studies [26] [27] [28] [29] . The intracavitary administration of nimotuzumab has been explored in recurrent high-grade glioma [30] .
Clinical benefit of nimotuzumab combined with RT has been demonstrated in high-grade glioma in several trials, both in adults and pediatric population [31] . Ramos et al. conducted a multicenter Phase I/II trial treating 29 newly diagnosed high-grade glioma patients (GBM, 16 cases) with 6 weekly infusions of nimotuzumab in 200 mg doses in combination with RT [12] . Nimotuzumab was well tolerated and the median OS reached 17.47 months for GBM. Solomon et al. did a single institution study with nimotuzumab plus RT in treating high-grade glioma and showed a median OS of 12.4 months for GBM, which was longer than the 8.0 months in a matched population with RT alone at the same hospital [13] . The efficacy of nimotuzumab plus RT was tested in a randomized multicenter Phase III clinical study in 70 high-grade glioma patients (GBM, 29 cases). Nimotuzumab showed significant survival benefit with a 5-month prolongation in median OS than with RT alone (17.76 vs. 12.63 months) [14] .
However, adding nimotuzumab to chemo-RT has not resulted in satisfactory outcomes so far. In 2012, Hong et al. tested the therapeutic effects of nimotuzumab in addition to the standard TMZ/RT→ TMZ therapy in 41 malignant glioma patients. Although there was a trend towards survival benefit with the addition of nimotuzumab (median OS, 16.5 vs. 10.5 months), no significant difference was found in this Phase I/II trial [15] . Wang et al evaluated the efficacy of a combination of nimotuzumab and TMZ/RT→TMZ in 26 newly diagnosed GBM [16] .
The median PFS of patients treated with nimotuzumab plus TMZ/RT → TMZ was slightly longer than that of patients treated with standard therapy (10.0 vs. 6.9 months), but the median OS did not show a survival advantage (15.9 vs 14.6 months). Westphal et al. conducted a Phase III trial in which 149 GBM patients were randomly assigned to receive either nimotuzumab (400 mg weekly in followed by 400 mg biweekly after 12 weeks) combined with standard TMZ/RT → TMZ or standard TMZ/RT → TMZ alone [17] . The median OS between patients in nimotuzumab group and standard group was not significantly different (22.3 vs. 19.6 months) . It is noted that the median OS of 19.6 months in the standard care arm exceeds the previous reported 14.6 months in the study by Stupp et al. [3] .
Our study is the first Phase II trial to evaluate the clinical effects of nimotuzumab plus standard therapy in GBM patients all with positive EGFR expression. The survival time in present study exceeds all those previously reported. In the study by Wang et al. [16] , 50.0 % (13/26) patients were positive EGFR expression and in the study of Westphal et al. [17] 28.2% (20/71) were reported with EGFR amplification. EGFR expression has been associated with aggressiveness and poor survival in malignant gliomas. It has been reported that the survival in EGFR expressing GBM patients was significantly less than that in non-expressing patients receiving conventional therapy (median OS, 12.5 vs. 17.5 months, P=0.013) [32] . Therefore, it is reasonable that nimotuzumab was a vital intervention, contributing to the survival in this study. We speculate that variation in the EGFR expression among the recruited patients in previous studies led the less favorable effect. It has been reported that proximately 10% GBM patients over-expressed EGFRvIII [33] . Unfortunately, we were unable to distinguish the wild-type EGFR from EGFRvIII in fixed tumour specimens due to limitation in our method.
No significant correlation between treatment outcomes and MGMT status was found, which suggests an efficacy of adding nimotuzumab to dose-dense TMZ in GBM patients with MGMT positive expressing. The median OS for our patients with positive MGMT expression reached 24.5 months, comparable with that of patients with negative MGMT expression in the same study, which is much longer than the reported 12.6 months with standard therapy [34] . We used an intensive adjuvant TMZ regimen of a 7-days on/7-days off in patients with positive MGMT expression. MGMT plays a vital role in regulating TMZ sensitivity. The negative expression of the methylated MGMT gene promoter in tumor tissues enables GBM patients responding to standard TMZ/RT therapy. Positive MGMT expression might eliminate such benefit [35] . Dose-intense schedules of TMZ have been tested for GBM patients recently. However, one dose-dense TMZ schedule (21-days on/7-days off after completion of combined TMZ/RT in newly-diagnosed GBM) failed to demonstrate survival benefit regardless of MGMT status in a large phase III trial (RTOG 0525) [36] . Nevertheless, Westphal et al. reported a favorable trend in patients with positive MGMT expression with the addition of nimotuzumab [17] .
The percentage of total resection (41.7%) in present study is similar to that of Westphal et al.
(43.7%) [17] , and higher than that of Hong et al. (20%) and Wang et al. (34.6%) [15, 16] . The effect of surgical resection extent in the treatment of GBM is still under debate [37] [38] [39] . In the present study, no correlation was found between surgical resection extent and clinical outcomes.
Treatment-related AEs were mild to moderate. Most of the reported AEs are previously known to the primary disease process or the TMZ/RT alone.
Conclusions
In this multicenter Phase II trial, we show that nimotuzumab in combination with standard TMZ/RT→TMZ has an excellent safety profile and benefit in increase of survival in patients with newly diagnosed GBM. Furthermore, the addition of nimotuzumab may provide benefits especially for patients with positive MGMT expression. This encouraging result calls for randomized, double blind, Phase III clinical trials. 
